SUMMARY
In the lung, chemical redox cycling generates highly toxic reactive oxygen species (ROS) that can cause alveolar inflammation and damage to the epithelium, as well as fibrosis. In the present studies we identified a cytosolic NADPH-dependent redox cycling activity in mouse lung epithelial cells as sepiapterin reductase (SPR), an enzyme important for the biosynthesis of tetrahydrobioterin. Human SPR was cloned and characterized. In addition to reducing sepiapterin, SPR mediated chemical redox cycling of bipyridinium herbicides and various quinones; this activity was greatest for 1,2-naphthoquinone followed by 9,10-phenanthrenequinone, 1,4-napthoquinone, menadione and 2,3-dimethyl-1,4-naphthoquinone. While redox cycling chemicals inhibited sepiapterin reduction, sepiapterin had no effect on redox cycling. Additionally, inhibitors such as dicoumarol, N-acetylserotonin and indomethacin blocked sepiapterin reduction, with no effect on redox cycling. Non-redox cycling quinones including benzoquinone and phenylquinone were competitive inhibitors of sepiapterin reduction, but non-competitive redox cycling inhibitors. Site directed mutagenesis of the SPR C-terminal substrate binding site (D257H) completely inhibited sepiapterin reduction, but had minimal effects on redox cycling. These data indicate that SPR-mediated reduction of sepiapterin and redox cycling occur by distinct mechanisms. The identification of SPR as a key enzyme mediating chemical redox cycling suggests that it may be important in generating cytotoxic ROS in the lung. This activity, together with inhibition of sepiapterin reduction by redox active chemicals and consequent deficiencies in tetrahydrobiopterin, may contribute to tissue injury. radical ions. Under aerobic conditions, these radicals rapidly react with oxygen generating superoxide anion and the parent compound (3) (4) (5) . Spontaneous and enzyme mediated dismutation of superoxide anion leads to the formation of hydrogen peroxide (H 2 O 2 ). In the presence of trace metals, H 2 O 2 generates highly toxic hydroxyl radicals (6) . The reaction of superoxide anion with nitric oxide can also generate peroxynitrite, a potent oxidant known to cause tissue injury (7) . These reactive nitrogen and reactive oxygen species (ROS) can damage many intracellular components including DNA, lipids and proteins resulting in nitrosative and oxidative stress, and toxicity (7) (8) .
The complement of enzymes in the lung that participate in chemical redox cycling has not been clearly established. Several flavincontaining enzymes known to mediate redox cycling are present in lung tissues including cytochrome P450 reductase, cytochrome b5 reductase, xanthine oxidase and various forms of nitric oxide synthase (9) (10) (11) (12) (13) . These enzymes require NADPH or NADH as the source of reducing equivalents. NADPH-cytochrome P450 reductase, which contains both FAD and FMN as cofactors, is the best characterized enzyme mediating redox cycling (9) (10) . It appears that the ability of FAD to accept single electrons from NADPH is critical for redox cycling. This is supported by findings that the redox cycling process is blocked by diphenyleneiodonium, a selective flavoenzyme inhibitor (9, 14) . Cytochrome P450 reductase and cytochrome b5 reductase are microsomal enzymes, while xanthine oxidase and nitric oxide synthase are cytoplasmic enzymes; nitric oxide synthases are also localized in cell membranes (7, (15) (16) (17) (18) . Localized concentrations of redox active chemicals in cells, enzymes that mediate their redox cycling, and levels of ROS generated, are key factors leading to lung injury (19) .
In earlier studies, we demonstrated that the cytoplasm of lung epithelial cells is a rich source of enzymes capable of mediating chemical redox cycling (20) . One important enzyme involved in this process is thioredoxin reductase, a homodimeric flavoprotein that catalyzes the reduction of oxidized thioredoxin, as well as other redox-active proteins, and plays a key role in maintaining cellular redox homeostasis (20) (21) . In the present studies, we identified sepiapterin reductase as another highly active cytoplasmic enzyme that mediates redox cycling in lung cells. Sepiapterin reductase is an NADPH-dependent enzyme that catalyzes the formation dihydrobiopterin (BH2), a precursor for tetrahydrobiopterin (BH4), a cofactor critical in aromatic amino acid metabolism and nitric oxide biosynthesis (22) (23) (24) ) (see Figure 1 for schematic depicting reactions catalyzed by sepiapterin reductase). Using recombinant human enzyme, sepiapterin reductase was found to be highly efficient in mediating chemical redox cycling and generating ROS. Interestingly, redox cycling markedly reduced the ability of the enzyme to generate BH2. Unlike other enzymes that mediate redox cycling, sepiapterin reductase does not contain flavins or other cofactors suggesting that it functions by a unique mechanism. Our results are novel as they identify a flavin-independent pathway mediating chemical redox cycling in lung epithelial cells. Moreover, they demonstrate that redox cycling chemicals can control a key enzyme required for the biosynthesis of a cofactor important in generating mediators that regulate lung function.
Assays for sepiapterin reductase activity and redox cycling. Sepiapterin reductase activity was assayed by measuring decreases in sepiapterin absorbance at 420 nm as described by Katoh (25) with some modifications. Standard reaction mixes contained 100 mM potassium phosphate buffer, pH 6.4, 100 µM NADPH, 50 µM sepiapterin and 2 µg enzyme protein in a final volume of 200 µl. Changes in absorbance were monitored using a Spectramax M5 microplate reader (Molecular Devices, Sunnyvale, CA). NADPH, quinones and cofactors had minimal absorbances at 420 nm and did not interfere with the sepiapterin reductase assay. In some experiments sepiapterin reductase activity was assayed as described by Ferre and Naylor (26) . In the assay, BH2, the reduction product of sepiapterin by sepiapterin reductase, is oxidized by iodine to the highly fluorescent biopterin which is then quantified by HPLC with fluorescence detection. For the assay, standard reaction mixes were supplemented with an NADPH regenerating system consisting of 10 mM glucose-6-phosphate and 0.5 U/ml glucose-6-phosphate dehydrogenase and 0.2 µg of sepiapterin reductase. After incubating the reactions at 37ºC for 1 hr in the dark, 25 µl of a mixture of 33 mM iodine and 100 mM KI in 1M HCl was added. After standing for 10 min at room temperature, the precipitated proteins were removed by centrifugation at 15,000 x g for 3 min at room temperature and excess iodine reduced by the addition of 25 µl of 57 mM ascorbic acid to the reaction mix. Biopterin formed in the assay was separated using a Jasco HPLC system (Easton, MD) fitted with a Maxsil-10 250 x 4 mm C18 column (Phenomenex, Torrance, CA). The mobile phase consisted of 5% methanol in water and the flow rate was set at 1.5 ml/min. Fluorescence was monitored using a Jasco FP-2020 spectrofluorometer with excitation and emission wavelengths set at 362 nm and 435 nm, respectively. The chromatographic peaks were integrated using the Jasco ChromNAV software.
ROS generated by chemical redox cycling were assayed by measuring the formation of superoxide anion, H 2 O 2 and hydroxyl radicals. Superoxide anion was measured spectrophotometrically by the reduction of acetylated cytochrome c at 550 nm as described by Fussell et al. (27) . Typical reaction mixes contained 100 mM potassium phosphate buffer, pH 7.8, 0.05 mM acetylated cytochrome c, 0.2 mM NADPH, 0.5 mM menadione, and 20 µg sepiapterin reductase in a final volume of 1 ml. H 2 O 2 production was assayed using AmplexRed/horseradish peroxidase as previously described (20, 28) . Standard reactions (0.1 ml) contained 50 mM phosphate buffer, pH 7.8, 25 µM Amplex-Red, 0.1 U horseradish peroxidase, 0.2 mM NADPH, 22.5 µg of cell cytosolic proteins or 1 µg recombinant sepiapterin reductase and appropriate concentrations of redox active chemicals. Reactions were initiated by the addition of proteins to the mix. The fluorescent product, resorufin, was recorded as relative fluorescence units (RFU) using the microplate reader with excitation and emission wavelengths set at 530 nm and 587 nm, respectively. In experiments using recombinant sepiapterin reductase, the concentration of H 2 O 2 generated in the reactions was calculated from a calibration curve prepared using appropriate standards. H 2 O 2 formation was found to be linear for at least 30 min using 0.1 µg recombinant sepiapterin reductase. When catalase was added to the redox cycling reactions, it degraded H 2 O 2 as it was formed; it did not alter the ability of the enzyme to reduce sepiapterin. We also found that reduced biopterin did not react directly with quinones such as menadione or 9,10-phenanthrenequinone to generate H 2 O 2 .
Hydroxyl radicals were measured by monitoring the formation of 2-hydroxyterephthalate from terephthalate in enzyme assays as previously described (29) . In these assays, 4.5 µg of recombinant sepiapterin reductase/100 µl of reaction mix were used. In some experiments, oxygen utilization in enzyme reactions during redox cycling was measured using a Clark oxygen electrode as previously described (27) . In these assays, 16 µg of recombinant sepiapterin reductase/0.8 ml of reaction mix were used. Kinetic parameters of the enzyme were calculated from linear portions of reaction curves using Lineweaver-Burke plots.
Isolation and characterization of a redox cycling activity from lung epithelial cells. MLE-15 murine lung epithelial cells, kindly provided by Dr. Jacob Finkelstein at the University of Rochester, NY (30) , and A549 lung epithelial cells (American Type Culture Collection, Manassas, VA), were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 µg/ml) at 37ºC with 5% CO 2 in a humidified incubator. MLE-15 cell cytosolic fractions were prepared by suspending the cells (3 x 10 8 ) in 1.0 ml phosphate buffer (50 mM, pH 7.0) containing protease inhibitors and sonicating on ice. After centrifugation in an Eppendorf 5417R centrifuge at 12,000 x g for 10 min to remove debris, membranes and mitochondrial fractions, supernatants were centrifuged in a Beckman L7-55 ultracentrifuge (100,000 x g, 1 hr) to obtain post-microsomal supernatant fractions. NADPHbinding proteins were then purified by affinity chromatography using 2', 5'-ADP-agarose columns as described by Wolff et al. (31) . NADPH eluates from the columns were concentrated using an Amicon Ultra centrifugal filter (Millipore, Billerica, MA) and then fractionated by size exclusion chromatography on a Superose 12 HR 10/30 column (GE Healthcare) in phosphate-buffered saline containing 0.1% Nonidet P-40, pH 7.4, at a flow rate of 0.3 ml/min. Fractions were monitored for absorbance at 280 nm and redox cycling activity using the Amplex-Red/horseradish peroxidase assay. Two activity peaks were collected and analyzed on 10% SDS-polyacrylamide gels using silver staining. A Mr ≈ 28,000 band, which was detected in both fractions, was cut from the gel of the peak II fraction, subjected to in-gel digestion with trypsin and analyzed using MALDI-TOF/TOF (Alphalyse, Palo Alto, CA). A combined MS and MS/MS search was performed against the NCBI database using an in-house MASCOT server. Six peptide fragments matched the sequence of mouse sepiapterin reductase.
For metabolism studies, A549 lung epithelial cells, grown to a density of 4 x 10 5 cells/well in 6 well culture dishes, were pretreated with control medium or medium containing 500 µM menadione. After 2 hr, sepiapterin (100 µM final concentration) was added to the cultures. After an additional 2 hr, cells were lysed in PBS containing 0.5% Nonidet P40 and analyzed for biopterin content by HPLC as described above (26) .
Cloning of the mouse and human SPR genes into a pET28a expression vector. Total RNA was isolated from either mouse MLE-15 cells or human A549 lung epithelial cells using the Trizol reagent (Invitrogen). cDNAs were synthesized using reverse-transcription with Superscript II RNase H-RT according to the manufacturers' instructions (Invitrogen). The full-length sepiapterin reductase gene was amplified by PCR using Pfu easy A polymerase (Stratagene) with the primer pairs hSPR-F and hSPR-R, or mSPR-F and mSPR-R (Table 1) . Forward primers (hSPR-F and mSPR-F) contain an NdeI restriction site and 15 nucleotides at the 5'-end of sepiapterin reductase, and reverse primers (hSPR-R and mSPR-R) contain a BamHI restriction site and 13 nucleotides at the 3'-end of sepiapterin reductase according to the published human sepiapterin reductase sequence (accession #: NM_003124, PUBMED) and the mouse sepiapterin reductase sequence (accession #: NM_011467, PUBMED). The PCR products were purified using a PCR purification kit (Qiagen, Valencia, CA), cloned into the TA vector pGEMT (Stratagene) and transformed into E. coli DH10B cells. The pGEMT-hSPR was isolated using a plasmid miniprep kit (Qiagen), digested with Ndel and BamH1 restriction enzymes, and then sub-cloned into the NdeI and BamHI sites of pET28a which carries a hexa-histidine tag coding sequence (Novagen, Madison, WI). The positive clones were selected and verified by sequence analysis (DNA Core facility, UMDNJ-Robert Wood Johnson Medical School, Piscataway, NJ).
Site-directed mutagenesis. To generate the human sepiapterin reductase mutants G14S, G18R, R42G, N99A, S157A, K147L, M205G and D257H primer-mediated two-step PCR was used since the mutation sites are located in the central region of the gene. Mutation points were designed in the complimentary forward and by guest on October 5, 2017 http://www.jbc.org/ Downloaded from reverse primers. pET-hSPR containing the wild type human sepiapterin reductase gene was used as a template to perform site-directed mutagenesis. In the first round, left-arm PCR fragments were obtained using hSPR forward primer and mutation reverse primers (G14S-R, G18R-R, R42G-R, N99A-R, S157A-R, K174L-R, M205G-R, D257H-R), and right-arm PCR fragments were obtained using mutation forward primers (G14S-F, G18R-F, R42G-F, N99A-F, S157A-F, K174L-F, M205G-F, D257H-F) and hSPR reverse primer. Purified left-arm and right-arm fragments were mixed to form partial duplex structures in complimentary regions which were then used as templates for a second round of PCR with the primers hSPR-F and hSPR-R to generate the full-length mutation PCR fragments. For mutants D257H, Y259A and ∆257-261, the full-length mutant PCR fragments were produced by one-step PCR using an hSPR-F primer paired with a D257H-R primer, Y259A-R primer or ∆257-261-R primer, respectively, to produce full-length D257H, Y259A, ∆257-261 PCR fragments since the mutation points are very close to C-terminus and therefore the mutation points were designed in reverse primers. The full-length mutant PCR products were cloned into the pET28a vector between the NdeI and BamHI restriction sites. The mutations were confirmed by sequence analysis.
Expression and purification of recombinant sepiapterin reductase. The expression vector containing wild type or mutant sepiapterin reductase genes was transformed into E. coli BL21 (DE3). In this system, the expressed recombinant proteins contain six histidines at the N-terminus for nickel affinity (Ni-NTA) purification. The clones were picked and cultured in Terrific Broth medium containing 25 mg/L Kanamycin at 37 o C. The recombinant sepiapterin reductase proteins were induced with 0.5 mM IPTG (isopropyl-β-dthiogalactopyranoside) for 4 hr at 37 o C when the absorbance of the cultures reached 0.6 at 600 nm. The cell pellets from low speed centrifugation (6,000×g for 20 min) were resuspended in buffer A (50 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.0, 300 mM NaCl), sonicated on ice, and then centrifuged at 20,000 x g for 30 min. The recombinant proteins in supernatants were purified using a nickel affinity chromatography column (Invitrogen) under native conditions. Briefly, after loading the crude extracts, the Ni-NTA affinity column was equilibrated with buffer A and then washed with buffer B (buffer A with 20 mM imidazole). Finally, the recombinant enzymes were eluted with buffer C (buffer A containing 150 mM imidazole and 10% glycerol). Eluted fractions were concentrated using VivaSpin 6 column (VWR, West Chester, PA) and analyzed for protein using the DC Protein Assay Reagent (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard. Recombinant enzymes were analyzed on 12.5% SDS-polyacrylamide gels using Coomassie brilliant blue R-25 staining. Recombinant wild type human sepiapterin reductase was 3-fold more active on sepiapterin reduction and redox cycling than recombinant wild type mouse sepiapterin reductase and was used in all further experiments to characterize the enzyme.
Results
Identification of sepiapterin reductase as a mediator of redox cycling in lung epithelial cells. Diquat and paraquat were found to readily stimulate the generation of H 2 O 2 in cytosolic fractions of lung epithelial cells (Fig.  2 , panel A). This activity was NADPHdependent (not shown); greater than 95% of redox cycling activity could be recovered following ADP-affinity purification (Fig. 2 , panel B). Two main peaks of activity (peaks I and II) were obtained following size exclusion chromatography of the affinity purified material (Fig. 2, panel C) . A common distinct protein band (Mr ≈ 28,000) was detected in both peak fractions following SDS-polyacrylamide gel electrophoresis (Fig. 2 , panel C, inset). The protein band in peak II was cut from the gel, analyzed using MALDI-TOF/TOF MS, and identified as sepiapterin reductase. To confirm that sepiapterin reductase possesses redox cycling activity, the human and mouse genes were cloned into a hexa-histidine tagged vector, expressed in E. coli, and purified by nickel affinity chromatography (Fig. 2 , panel D, inset, and not shown). The enzymes, which appeared as single bands on SDS-polyacrylamide gels (Mr ≈ 30,000), reduced sepiapterin to BH2, as measured by decreases in absorption of sepiapterin at 420 nm (25) , and by the formation of BH2 by HPLC (26) . Similar enzyme activity was detected in both assays (Fig. 2 , panel D and Fig. 3 , panels A and B, and not shown). In these assays, sepiapterin was reduced in a timedependent manner with a stoichiometric (1:1) increase in BH2 ( , for the mouse enzyme). For both the human and mouse enzymes, the reaction was NADPH-dependent; NADH did not support enzyme activity (Fig. 2 , panels D and E and not shown).
In further studies we characterized sepiapterin reductase-mediated redox cycling using human recombinant enzyme. Recombinant sepiapterin reductase was found to readily mediate redox cycling of diquat (Fig. 2, panel F) , as well as a number of quinones known to redox cycle including 9,10-phenanthrenequinone, menadione, 2,3-dimethoxy-1,4-naphthoquinone, 1,2-naphthoquinone and 1,4-naphthoquinone (Fig. 4 , panel A and Table 2 ), as measured by the formation of H 2 O 2 in enzyme assays. The reaction of each of these redox cycling chemicals was time-, concentration-and NADPH-dependent (Fig. 4 , panel B and not shown). The most active redox cycling quinone based on Kcat/Km was 1,2-naphthoquinone followed by 9,10-phenanthrenequinone, 1,4-naphthoquinone, menadione and 2,3-dimethoxy-1,4-naphthoquinone (Table 2) , which is generally consistent with previous reports on the redox potentials of these compounds (32) (33) (34) . In contrast, two related quinones, p-benzoquinone (1,4-benzoquinone) and phenylquinone (2-phenyl-1,4-benzoquinone), did not redox cycle with sepiapterin reductase (Fig. 4 , inset on panel C).
The mouse enzyme also mediated redox cycling, although less efficiently that the human enzyme , for the mouse enzyme, using 9,10-phenanthrenequinone as the redox cycling chemical).
Since the buffers and recombinant enzymes used in our studies contain trace redox metals that could contribute to the formation of H 2 O 2 in enzyme assays, we analyzed redox cycling in enzyme assays containing diethylene triamine pentaacetic acid (DTPA). We found that DTPA had no effect on the rate of H 2 O 2 formation, indicating that there was no or only a minimal contribution of trace metals to the sepiapterin reductase redox cycling reaction (Fig. 3 , panel C).
It is also possible that oxidation of BH2 or BH4 contributes to the formation of H 2 O 2 by sepiapterin reductase. During redox cycling, one electron reduction of a redox active chemical generates radical ions. Under aerobic conditions, these radicals are rapidly oxidized back to the parent compounds generating superoxide anion. Spontaneous and enzyme-supported dismutation of superoxide anion generates H 2 O 2 . Using menadione, we found that redox cycling by recombinant human sepiapterin reductase readily generated superoxide anion, as measured by the reduction of acetylated cytochrome c; the accumulation of this ROS was inhibited by superoxide dismutase (Fig. 5, panel A) . The formation of superoxide anion in reaction mixes during redox cycling was associated with an accumulation of H 2 O 2 ; this was inhibited by catalase ( Fig. 5, panel B ).
In the presence of iron, redox cycling by sepiapterin reductase also generated hydroxyl radicals (not shown). The accumulation of these ROS was inhibited by DMSO, a scavenger of hydroxyl radicals. The addition of 9,10-phenanthrenequinone, but not sepiapterin, to reaction mixes readily increased oxygen utilization (Fig. 6, panels A and B) . This is consistent with the fact that sepiapterin reduction by sepiapterin reductase is not an oxygen requiring reaction.
As indicated above, the reduction of sepiapterin by sepiapterin reductase required NADPH, but not NADH. Unexpectedly, we found that redox cycling by human recombinant sepiapterin reductase also utilized NADH. The measured ratio of NADPH utilization to oxygen consumption to H 2 O 2 formation in our assays was found to be 2.0:2.6:1.2 (Table 3) . H 2 O 2 formation was significantly different than NADPH utilization and oxygen consumption. These data are close to the theoretical stoichiometry of 1:1:0.5 or 2:2:1 for the redox cycling reaction. It is important to note that redox cycling in our assays was measured under normoxic conditions (~240 micromolar oxygen in solution in vitro). Levels of oxygen are often ten times lower in vivo, which lowers ROS formation during redox cycling. Using our in vitro assay, we found that decreasing oxygen tension ten-fold resulted in an ~50% decrease in H 2 O 2 formation during redox cycling (Fig. 7) . These data indicate that oxygen is in excess in the redox cycling reaction and that high levels of ROS can be formed even at reduced tissue oxygen concentrations. It is important to point out, however, that the one electron reduction of redox active chemicals by sepiapterin reductase is not an oxygen requiring reaction. At low oxygen tension, radical ions generated by this process are stabilized. They are by themselves highly reactive and can contribute to toxicity.
Effects of inhibitors on the reduction of sepiapterin and redox cycling by sepiapterin reductase. A number of aldo-keto reductase inhibitors have been reported to block the activity of purified rat sepiapterin reductase including dicoumarol, indomethacin, ethacrynic acid and the flavonoid glycoside rutin, as well as the indolamine, N-acetyl-serotonin (36) (37) . Each of these compounds was found to inhibit sepiapterin reduction mediated by recombinant human sepiapterin reductase. The most potent inhibitor was dicoumarol followed by N-acetylserotonin, indomethacin, ethacrynic acid and rutin ( Fig. 8 and Table 4 ). Whereas dicoumarol, ethacrynic acid and rutin were non-competitive inhibitors of the enzyme, N-acetyl-serotonin and indomethacin were competitive inhibitors (Ki's = 0.9 and 2.7 µM, respectively, Table 4 ). In contrast, none of these inhibitors affected sepiapterin reductase-mediated redox cycling (Table 4 and Fig. 6D ). These data suggest that the reduction of sepiapterin and chemical redox cycling occur by distinct mechanisms. This is supported by our findings that sepiapterin, at concentrations >1 mM, also failed to inhibit redox cycling mediated by sepiapterin reductase with any of the redox active quinones (not shown). Diphenyleneiodonium, an inhibitor of flavin-containing oxidoreductases, which has been reported to inhibit redox cycling by NADPH-cytochrome P450 reductase and thioredoxin reductase (9, 20) , was also unable to inhibit either the reduction of sepiapterin or redox cycling by sepiapterin reductase (Table 4 and not shown), a finding consistent with the fact that the enzyme does not require flavin cofactors for activity.
Effects of redox cycling compounds on sepiapterin reductase activity. Each of the quinones which redox cycles with sepiapterin reductase was found to inhibit the ability of the enzyme to reduce sepiapterin (Fig. 9 , panel A, and Table 4 ). 9,10-Phenanthrenequinone was the most potent inhibitor followed by 1,2-naphthoquinone, 1,4-naphthoquinone, menadione and 2,3-dimethoxy-1,4-naphthoquinone. The relative inhibitory effect of these quinones was proportional to their Kcat values (Table 2 and Fig. 9, panel C) . All of the inhibitors were non-competitive with respect to sepiapterin (Fig. 9, panel B , and Table 4 ). Interestingly, p-benzoquinone and phenylquinone, which did not redox cycle with sepiapterin reductase (Fig. 4, inset to panel C) , inhibited both the ability of sepiapterin reductase to reduce sepiapterin and to mediate redox cycling (Fig. 4 , panels C and D, and Table 4 ), as measured by the production of ROS and oxygen utilization (Fig. 6 , panel C, and not shown). pBenzoquinone and phenylquinone were competitive inhibitors of sepiapterin reductase mediated reduction of sepiapterin, but noncompetitive inhibitors of redox cycling (Table  4 ). These data indicate that redox cycling is not required for quinones to inhibit sepiapterin reduction and further support the idea that mechanisms underlying sepiapterin reduction and redox cycling by sepiapterin reductase are distinct.
Since redox cycling inhibited reduction of sepiapterin by purified recombinant sepiapterin reductase, we next determined if sepiapterin reductase could be inhibited in vivo by redox cycling chemicals. Figure 10 shows that in A549 human lung epithelial cells, treatment with sepiapterin readily generates BH2 and BH4, a finding that confirms that these cells express sepiapterin reductase. Menadione completely prevented the formation of BH2 and BH4. These data demonstrate that menadione redox cycling in vivo can suppress sepiapterin reductase activity.
Site-directed mutagenesis defines distinct sites on sepiapterin reductase for the reduction of sepiapterin and redox cycling. Previous studies have shown that sepiapterin reductase contains an active center conserved region important for NADPH binding, and a substrate transfer site (38) (39) (40) (41) . In further studies we used site-directed mutagenesis to investigate the role of the different functional domains of the enzyme in its sepiapterin reduction and redox cycling activities. In the human enzyme, the catalytic center has been defined by a conserved Ser157-Tyr170-Lys174 triad (38) . We found that mutations in Ser157 or Lys174 in this region reduced both sepiapterin reduction and redox cycling activity by 80%-95% (Fig. 11) . The catalytic efficiencies (Kcat/Km) for sepiapterin reduction of S157A and K174L decreased to 1.8% and 0.8% of wild type sepiapterin reductase, respectively, and for redox cycling to 6.8% and 1.4%, respectively (Table  5) . Similarly, mutations in Gly14 and Gly18 in the NADPH binding motif of sepiapterin reductase resulted in almost complete loss of the ability to reduce sepiapterin, and a 65-75% decrease in redox cycling (Fig. 11, panel B) . For both of these mutations, the catalytic efficiencies for redox cycling decreased to 0.2% of wild type sepiapterin reductase (Table 5) . Mutation in Asp42, which is thought to be important in the selectivity of the enzyme for NADPH (42) , led to a 90% reduction in sepiapterin reduction activity and a 50% reduction in redox cycling activity (Fig. 11,  panel B) . The catalytic efficiencies for this mutant decreased to 2% and 7% of wild type sepiapterin reductase for sepiapterin reduction and redox cycling, respectively (Table 5 ). These data confirm the importance of the catalytic center and the NADPH binding regions in mediating the activities of sepiapterin reductase. Residues Asn99 and Met205 are conserved amino acids in human, mouse and rat sepiapterin reductases and may play important roles in maintaining the structure of the enzyme (40) , mutations in these amino acids also caused marked reductions in the activities of both sepiapterin reduction and redox cycling (Fig. 11,  panel B) . The catalytic efficiency of N99A and M205G for sepiapterin reduction decreased to approximately 1% and 5%, respectively, and for redox cycling, 5% and 25%, respectively, when compared to the wild type enzyme ( Table 5 ).
The C-terminal region of sepiapterin reductase has been reported to be critical for binding of sepiapterin to the enzyme (40) . Deletion of the C-terminal 5 amino acids almost completely eliminated enzyme activity (Fig. 11, panel B) . For redox cycling, the catalytic efficacy decreased to less than 1% of the wild type enzyme (Table 5) . Interestingly, mutation of Asp257 to histidine eliminated sepiapterin by guest on October 5, 2017 http://www.jbc.org/ Downloaded from reduction activity, but had minimal effects on redox cycling activity (Fig. 11, panel B) . Thus, the catalytic efficiency of D257H for sepiapterin reduction and redox cycling decreased to approximately 4% and 80% of wild type enzyme activity, respectively (Table 5 ). Phosphorylation has also been reported to regulate sepiapterin reductase activity (43) . Mutation of Tyr259, a unique potential phosphorylation site in the Cterminal substrate transfer motif, had no major effects on sepiapterin reduction and redox cycling activity (Fig. 11, panel B and Table 5 ).
Discussion
The present studies demonstrate that sepiapterin reductase is a mediator of chemical redox cycling in lung epithelial cells. Active substrates include bipyridinium herbicides, as well as various redox active quinones. The one electron reduction of these substrates by sepiapterin reductase readily generates ROS including superoxide anion and H 2 O 2 , at the expense of a reduced nicotinamide adenine dinucleotide cofactor. The redox cycling reaction consumes oxygen and utilizes either NADPH or NADH; NADPH is significantly more efficient than NADH in supplying electrons to the reaction. This is in contrast to enzyme-mediated reduction of sepiapterin, an obligate NADPH-dependent reaction. The phosphate group in the adenine nucleotide is presumably important in cofactor recognition by the enzyme during sepiapterin reduction; in contrast, the redox cycling reaction also allows electrons from NADH to mediate the one electron reduction of redox active substrates, possibly due to less stringent requirements for binding of the cofactor to the enzyme (44). Our findings that NADH can mediate redox cycling are in accord with reports that other enzymes catalyzing this process including cytochrome b5 reductase and ubiquinone oxidoreductase preferentially utilize NADH (44) (45) .
Sepiapterin reductase is widely distributed in tissues including the lung, kidneys and brain (25) . Thus, chemical redox cycling by sepiapterin reductase and consequent ROS generation may contribute to tissue injury in a manner dependent on localized concentrations of the enzyme, reduced pyridine nucleotide cofactors, oxygen and redox active chemicals. It should be noted that chemical redox cycling by sepiapterin reductase is flavin cofactor independent. For flavin-containing enzymes such as cytochrome P450 reductase, cytochrome b5 reductase, xanthine oxidase, and various forms of nitric oxide synthase, the flavin cofactor is thought to participate in chemical redox cycling because of its ability to accept single electrons from the pyridine nucleotide cofactor, which are presumably used for the one electron reduction of the redox active chemicals. This reaction is blocked by the flavin inhibitor diphenyleneiodonium (14) . The fact that sepiapterin reductase is not a flavin-containing enzyme and not blocked by diphenyleneiodonium, suggests that there are multiple mechanisms by which enzymes can mediate chemical redox cycling. Recent studies have shown that aldo-keto reductases also mediate chemical redox cycling in the absence of a flavin cofactor (46) (47) . At the present time, the precise mechanism mediating flavinindependent redox cycling is not known. It is possible that binding of redox active chemicals in an appropriate orientation in proximity to the pyridine nucleotide cofactor is sufficient to allow single electron transfers. Further studies are needed to explore this possibility.
Redox active quinones were found to vary in their activity with respect to redox cycling with sepiapterin reductase with 1,2-napthoquinone displaying the greatest activity, followed by 9,10-phenanthrenequinone, 1,4-napthoquinone, menadione and 2,3-dimethoxy-1,4-naphthoquinone. The catalytic activity of these quinones was tightly correlated (R 2 =0.91) with their redox potentials. Of note is our finding that each of the redox cycling agents was an effective non-competitive inhibitor of sepiapterin reduction. These data indicate that there are distinct mechanisms underlying sepiapterin reduction and redox cycling. The efficient inhibition of sepiapterin reduction by the quinones is likely due to their ability to divert electron flux from sepiapterin; this is supported by the observation that the IC 50 's of the quinones for inhibition of sepiapterin reductase were correlated with their Km values for NADPH oxidation. A similar mechanism for quinone inhibition of disulfide substrate reduction has been suggested for thioredoxin reductase (48) . Earlier studies have identified a number of substrates of purified rat erythrocyte sepiapterin reductase including dicarbonyl compounds, quinones, aldehydes and ketones in assays measuring the NAD(P)H oxidase activity of the enzyme (36) . Although this activity was ascribed to the 'carbonyl reductase' or 'aldoketo reductase' activity of sepiapterin reductase, one cannot exclude the possibility that these enzyme activities were due, at least in part, to redox cycling. Additional studies are required to identify specific enzyme products and reaction mechanisms that could distinguish nonsepiapterin reduction and non-redox cycling activities of sepiapterin reductase with different chemical substrates.
Earlier work has identified inhibitors of sepiapterin reductase largely based on structural similarities with natural substrates for the enzyme (i.e., sepiapterin or pyruvoyltetrahydropterin), in particular, Nacetylserotonin, N-acetyldopamine and Nacetyl-m-tyramine (37) . These compounds were all competitive inhibitors of the enzyme substrates. Similarly, using human recombinant enzyme we found that N-acetylserotonin was a competitive inhibitor of sepiapterin utilization. These data are consistent with crystallographic studies showing similarities in the structures of substrates and inhibitors bound to sepiapterin reductase (40). Katoh et al. (36) showed that aldo-keto reductase inhibitors including indomethacin, ethacrynic acid, rutin and dicoumarol were inhibitors of rat erythrocyte sepiapterin reductase. Our findings that these compounds are potent inhibitors of human recombinant sepiapterin reductase are in accord with this report. Notably, these compounds blocked sepiapterin reduction by the enzyme, but not redox cycling, further supporting the idea that the two catalytic enzyme activities are distinct. Indomethacin, like N-acetylserotonin, was found to be a competitive inhibitor, while dicoumarol, ethacrinic acid and rutin were noncompetitive inhibitors; these data indicate that the various inhibitors of sepiapterin reduction also function by distinct mechanisms. In general, inhibitors of sepiapterin reductase are structurally diverse; further studies are needed to better define the mechanisms by which they selectively block substrate reduction by sepiapterin reductase.
Of interest was our finding that benzoquinone and phenylquinone, two non-redox cycling quinones, inhibited the reduction of sepiapterin, as well as quinone redox cycling by sepiapterin reductase. While both compounds were competitive inhibitors of sepiapterin reduction, they were non-competitive inhibitors of redox cycling, providing additional evidence that the active sites on the enzyme for sepiapterin reduction and redox cycling are unique. At present, it is not known if the inhibitory activities of the quinones are due to binding to different or overlapping sites on sepiapterin reductase. Both reactions require the adenine nucleotide co-factor suggesting that their active sites on the enzyme are in close proximity. The fact that benzoquinone and phenylquinone inhibit sepiapterin reduction without redox cycling indicates that the production of superoxide anion is not required for inhibition of sepiapterin reduction.
Our data demonstrate that A549 lung epithelial cells contain sepiapterin reductase, and that the enzyme is active and readily generates BH2 and BH4 from sepiapterin. Of note was our observation that menadione, a highly effective redox cycling chemical, inhibited this process. Thus, chemical redox cycling can suppress the formation of BH4 in intact cells. These data suggest that chemical redox cycling can inhibit sepiapterin reductase in vivo.
Based on sequence alignment showing a conserved N-terminus motif (Gly15 xxx Gly19 x Gly21 in the mouse enzyme and Gly14 xxx Gly18 x Gly20 in the human enzyme) for NADPH binding, referred to as a 'Rossman fold', and an active site motif (Tyr xxx Lys), sepiapterin reductase has been classified as a member of the short chain-dehydrogenase reductase (SDR) family (38, 49) . This has been confirmed by crystallographic studies with the mouse enzyme in which sepiapterin reductase was identified as a homodimeric protein with each monomer containing an NADPH and a sepiapterin binding site in close proximity (see Figure 12 for structure). These latter studies showed that Arg43 (Arg42 in the human enzyme) functions as a critical anchoring site for the adenine moiety in NADPH (40) (41) . This amino acid is thought to exist only in SDR family members which preferentially utilize NADPH (42) . In contrast, Met206 in the mouse enzyme (Met205 in the human enzyme) functions to maintain a critical hydrophobic pocket in proximity to the nicotinamide moiety of NADPH (40) . To further understand the role of these amino acids in sepiapterin reductase functioning, we performed site directed mutational analysis. Initially, we analyzed mutations in the human enzyme NADPH binding domain including G14S, G18D, R42G and M205G (see Figures 11 and 12 for summaries). Mutations in glycine add more polar structure to the enzyme at positions where adenine binds in the NADPH binding pocket and can decrease interactions of the protein with adenine. A similar change in adenine binding can result from the arginine mutation, which prevents hydrogen bonding with adenine, adding a less polar, more neutral amino acid to the NADPH binding pocket. In contrast, the methionine mutation significantly decreases hydrophobic interactions with nicotinamide which can disrupt electron transfer to sepiapterin. We found that these point mutations caused major losses (90-98%) in the ability of sepiapterin reductase to reduce sepiapterin confirming that in the wild type enzyme, these amino acids bind tightly to NADPH, generating a unique structural conformation that is essential for substrate reduction. These data are also consistent with the requirement for the adenine nucleotide for optimal enzyme activity (25) . Interestingly, NADPH binding site mutant sepiapterin reductase enzymes still retained 25-55% of their redox cycling activity. Although each of the point mutations appear to alter the alignment of the nicotinamide with respect to sepiapterin, a process that limits electron transfer to the substrate, NADPH appears to remain in close enough proximity to the redox cycling chemicals allowing for partial activity. These data are in accord with our inhibitor studies and indicate that redox cycling occurs at a site on the enzyme distinct from sepiapterin reduction. Presumably, NADPH remains bound to the Rossman-fold containing pocket in the mutant enzymes. Thus, as long as redox cycling chemicals are in proximity to the nicotinamide moiety, redox cycling reactions occur, although with reduced efficiency. However, further studies are needed to rule out the possibility of altered binding of redox cycling chemicals to the mutant enzymes, which may also reduce enzyme activity.
Another highly conserved sequence motif in sepiapterin reductase is the catalytic site. In mouse sepiapterin reductase, this site is comprised of several hydrophobic amino acids including Leu105, Leu159, Tyr165, Trp168, Tyr171, Met206 and Cys160 (40) . Tyr171 is a key active site residue; the phenyl ring hydroxyl group of Tyr171 is situated in an orientation for proton transfer between the C4'N of NADPH and the C1'-carbonyl function of the substrate. Arg178, which is outside the active site cavity, is thought to act in concert with Lys175, to facilitate proton transfer from the hydroxyl function of Tyr171 to the substrate's carbonyl oxygen, while Ser158 stabilizes the orientation of the substrate (42, (50) (51) . Thus, a critical triad pocket in sepiapterin reductase composed of Ser158, Tyr171 and Lys175 is formed and serves a key function in stabilizing the protein structure, maintaining cofactor/substrate proximity, and proton transfer (40) . Three highly conserved asparagine residues (Asn100, Asn128 and Asn155) are also located within hydrogen bonding distance to the guanidinium moiety of Arg178 and are thought to be important for maintaining this amino acid in an orientation required for functional interactions with Tyr171 (40) . Previous site-directed mutagenesis studies with rat sepiapterin reductase have confirmed that Ser158, Tyr171 and Lys175 play key roles in the function of the enzyme (38) (39) . We found that mutations in Ser157 and Lys174 in the human enzyme (corresponding to Ser158 and Lys175 in the mouse enzyme) resulted in an 80-85% loss in the ability of sepiapterin reductase to mediate reduction of sepiapterin. This is likely due to the fact that hydrogen bonds cannot form between the substituted amino acids and the substrate in the mutated enzymes. Interestingly, low levels (15-20%) of redox cycling activity remained. These data indicate that, despite mutations at critical functional sites, the active site on the enzyme mediating redox cycling is close to the active site triad, allowing for low level activity. As observed with mutants in the NAD(P)H binding pocket, active site triad mutants are able to position redox cycling chemicals close enough to NAD(P)H to permit low levels of redox cycling. Similar decreases in sepiapterin reduction and chemical redox cycling were observed with the Asn99 mutant (corresponding to Asn100 in the mouse enzyme). These data further support the idea that this amino acid is critical for maintaining the functional activity of the active site triad.
Analysis of the crystal structure of mouse sepiapterin reductase reveals that the pterin substrate is positioned in the active site anchored with its guanidine moiety to Asp258 (40) . This amino acid, which is located at the C-terminus of the enzyme, is thought to play a key role in positioning the pterin substrate side chain C1'-carbonyl group near the hydroxyl group in Tyr171 and NADPH C4'N in the active site of the enzyme (40) . The present studies show that mutation in this aspartate residue (D257H) in the human enzyme (corresponding to Asp258 in the mouse enzyme) caused a loss of sepiapterin reduction activity, with minimal effects on its chemical redox cycling activity. It appears that decreases in sepiapterin reduction are due to a reduced affinity for the substrate resulting in lower catalytic efficiency. However, with respect to redox cycling, the D257H substitution, which changes the amino acid residue from negatively charged to positively charged, caused an increase in Km and a decrease in Kcat for the reaction. Thus, although the net result did not alter apparent redox cycling activity, this substitution changed the kinetics of the reaction, possibly due to conformational changes in the active site of the enzyme. These results indicate that Asp257 is important in generating BH2; however, substitutions do allow redox cycling. These data also support the idea that sepiapterin reduction and redox cycling by sepiapterin reductase occur by distinct mechanisms.
Deletion of the last 5 amino acids in the Cterminus (∆257-261) of the enzyme abolished sepiapterin reductase activity and decreased redox cycling by approximately 70%. These findings confirm a role for Asp257 in sepiapterin reduction, and suggest that the C-terminus of the enzyme is required for optimal chemical redox cycling.
Katoh et al. (52) showed that serine/threonine phosphorylation of rat sepiapterin reductase by Ca 2+ /calmodulin-dependent protein kinase II or protein kinase C modified the kinetic properties of the enzyme. The C-terminal of human sepiapterin reductase contains a single tyrosine residue (Tyr259) in proximity to the active site that has the potential to control enzyme activity. We found that mutation of this amino acid (Y259A) had no major effects on sepiapterin reduction or on chemical redox cycling indicating that this tyrosine residue is not required for enzyme activity. It remains to be determined if phosphorylation of this or other tyrosine residues and/or serine or threonine residues in sepiapterin reductase is important in controlling its enzymatic activities.
BH4 is a key cofactor for a number of aromatic amino acid hydroxylases important in synthesizing catecholamines, neurotransmitters and indoleamines, as well as for nitric oxide synthases. Deficiencies in BH4 result in movement disorders such as dystonia and Parkinson's disease, Alzheimer's disease and atypical phenylketonuria (53) (54) (55) . Specific mutations in sepiapterin reductase which compromise its ability to generate BH4 are associated with these diseases. For example, the mutation K251X, which causes the deletion of C-terminal amino acids, including the critical Asp257, results in delayed psychomotor development and a complex movement disorder (56) (57) . Early onset Parkinson's disease and other neurological deficits have also been described in patients with point mutations in sepiapterin reductase (e.g., R150G), deletion mutations (e.g., Q119X), as well as splicing mutations (IVS2-2A>G) (57) (58) . That sepiapterin reductase is crucial for neuronal functioning has been highlighted recently by findings that sepiapterin reductase knockout mice have reduced levels of neurotransmitters and that this is associated with a variety of movement disorders (59) (60) .
Our data showing that redox cycling chemicals can inhibit sepiapterin reductase suggest a mechanism leading to deficiencies in BH4 and consequent disease pathologies. Sepiapterin reductase transfers electrons from NADPH to sepiapterin. Both endogenous and exogenous redox cyclers preferentially utilize these electrons, at the expense of their supply to sepiapterin, a process that effectively blocks the formation of BH4. In many tissues including the brain and lung, this process could compromise BH4-containing enzymes and lead to neurological deficits and/or aberrant pulmonary functioning. In this regard, epidemiological studies have demonstrated that exposure to paraquat, which we have shown redox cycles with sepiapterin reductase, leads to increased risk of Parkinson's disease (61) . Moreover, neonatal exposure of mice to paraquat results in dopaminergic cell loss and the development of a Parkinson's disease phenotype (62) . In the lung, altered levels of BH4 can lead to pulmonary hypertension and fibrosis (2) . However, it should be noted that exposure to redox cycling chemicals may only be for short periods of time, and this may not be sufficient to reduce BH4 levels below those needed to sustain aromatic amino acid hydroxylases and nitric oxide synthases. Since chemical redox cycling by sepiapterin reductase also generates cytotoxic ROS which can contribute to altered cell functioning, this may be a more important shortterm toxic mechanism. Additional studies are needed to determine if exposure to paraquat or other redox cycling chemicals can lead to BH4 deficiencies and the production of cytotoxic concentrations of ROS in human tissues. Reactions were run in Oxygraph reaction cells in a total volume of 0.6 ml and contained 50 mM phosphate buffer, pH 7.8, 5 µM 9,10-phenanthrenequinone and 200 µM NADPH. To generate reduced oxygen levels, the reaction cell was purged with 100% nitrogen gas and levels of oxygen monitored with the Oxygraph. To initiate the redox cycling reactions, 0.3 µg of sepiapterin reductase was injected into the reaction cells. Samples were removed at different time points, the reactions were stopped by the addition of acetonitrile at a final concentration of 30%, and the H 2 O 2 concentration determined by the Amplex red assay. Figure 8 . Effects of N-acetylserotonin and dicoumarol on sepiapterin reduction and redox cycling by human recombinant sepiapterin reductase. Sepiapterin reductase activity was measured by decreases in sepiapterin absorbance at 420 nm. Redox cycling was measured by the formation of superoxide anion in enzyme assays in the presence of 100 µM menadione. Note that both Nacetylserotonin and dicoumarol inhibit sepiapterin reduction (IC 50 = 2.6 µM and 0.2 µM, respectively), but not redox cycling activity. Sepiapterin reduction was analyzed by changes in absorbance of sepiapterin at 420 nm. 35
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